Polytheonamide B (pTB) is a potent cytotoxic peptide obtained from the marine sponge *Theonella swinhoei*, and its cytotoxicity is especially high in mammalian cells, even at concentrations as low as ng/ml[@b1][@b2][@b3]. The pTB 48-mer peptide possesses certain unique structural features, such as D- and L-amino acid side chains taking alternate positions throughout the sequence, and also the presence of many unusual amino acids ([Fig. 1](#f1){ref-type="fig"} legend)[@b4][@b5][@b6][@b7]. Structural studies in an organic solvent revealed that pTB forms a right-handed β^6.3^-helix having a pore of 4 Å in diameter ([Fig. 1](#f1){ref-type="fig"})[@b8], similar to a previously well-characterized antibiotic, gramicidin A (gA)[@b9].

We have demonstrated that pTB exhibits ion channel activity at below pico molar concentrations through vectorial insertion into the membrane[@b1][@b3]. Once incorporated, pTB stays there and never escapes from the membrane. These features of pTB constitute the origin basis of its potent cytotoxicity[@b10]. For the permeation properties, we have examined the single-channel current of the pTB channel in the planar lipid bilayer, including single-channel conductance and selectivity among monovalent cations. The selectivity sequence of the alkali cations (Cs^+^ \> Rb^+^ \> K^+^ \> Na^+^ \> Li^+^) of the pTB channel is shared with the gA channel, and is characteristic of the β^6.3^-helical narrow pore rendering a single-file permeation[@b11].

Alternate L- and D-chirals of pTB in the amino acid sequence, shared with the gA channel, is prerequisite to make the helix inside hollow for ion permeation, but never observed in proteins. This backbone structure is configured for the carbonyl oxygens to interact with permeating ions. In this respect, the potassium channel proteins has the selectivity filter, which takes unusual configuration of the peptide backbone with participation of achiral glycine residues[@b12][@b13][@b14], and rendering the backbone carbonyls solvating the permeating ions. Thus, in both pTB and KcsA cases, including gA, the backbone configuration is arranged such that the carbonyl oxygens can interact with the permeating ions. Totally different appearance of the pore structure of the pTB channel and the potassium channels may share some permeation properties.

In this study we examined the permeation properties of the pTB channel in more detail with respect to the multi-ion nature of permeation[@b15][@b16]. Compared to the short gA channel (i.e. the head-to-head dimer of the 15-mer peptide) which is 26 Å in length for just spanning the hydrophobic core of the membrane[@b11][@b17], the pTB channel is 45 Å in length (i.e. a monomer of a 48-mer peptide) and readily forms a long pore in the membrane. It has been established that the short-pore gA channel simultaneously holds two ions during the permeation of Cs^+^, Rb^+^ and K^+^ [@b18][@b19], and one considers that two or more ions could occupy the long pTB channel. Here we applied conventional methods for examining the multi-ion nature of the pTB channel, such as the concentration dependency of the single-channel current amplitude and changes in the reversal potential (*V*~rev~) in mixed ion solutions, which is referred to as the "mole-fraction experiment"[@b20][@b21][@b22]. These results indicated that, in contrast to the expectation, the pTB channel allows only one ion at a time to be in the channel upon permeation. The permeation property was further analyzed using the well-established permeation model (the discrete-state Markov model[@b23][@b24][@b25][@b26]). Underlying mechanism of the paradoxical one-ion pore feature for the pTB channel is discussed in comparison with the gA channel.

Results
=======

The single-channel permeation properties of the pTB channel
-----------------------------------------------------------

The pTB channel allows permeation of Cs^+^ most efficiently among the monovalent alkali cations[@b1], so we examined the permeation properties of the pTB channel in CsCl solution. [Figure 2A](#f2){ref-type="fig"} displays the typical single-channel current traces of the pTB channel recorded at various membrane potentials in the 3 M of symmetrical CsCl solution. Frequent transitions between open and closed states were observed at both positive and negative membrane potentials[@b1]. The open dwell time differed substantially at different membrane potentials, indicating that the pTB has weak voltage-dependent gating[@b3]. The current-voltage (*i-V*) relationships of the single-channel current are depicted in [Fig. 2B](#f2){ref-type="fig"}. The shape of the *i-V* curve tended to be supra-linear at high membrane potentials in Cs^+^ concentrations of 1 to 3 M. These results of the single-channel *i-V* relationship are qualitatively similar to those for the gA channels at high ion concentrations[@b9], suggesting that the rate-determining step for ion permeation is not the entry of the ion into the pore, but rather, the translocation process across it[@b19][@b27]. The *i-V* curve exhibited a slight inward-rectification, reflecting the asymmetry of the permeation pathway[@b28][@b29][@b30].

The amplitude of the unitary current of the pTB channel increased substantially with an increasing Cs^+^ concentration (the *i-C* curve), exhibiting saturation at all the membrane potentials examined[@b1] ([Fig. 2C](#f2){ref-type="fig"}). This feature is different from the gA channel, which exhibits a decline of single-channel conductance at high Cs^+^-concentrations[@b11]. Similar single-channel measurements and analysis were performed for K^+^ (see [Suppl. Fig. S1](#s1){ref-type="supplementary-material"}). The conductance of K^+^ was less than half that of Cs^+^, but the shape of the *i-V* and *i-C* curves are similar to those for Cs^+^ permeation. The mobility of Cs^+^ and K^+^ in the aqueous solution differs only slightly. Thus, the single-channel conductance of Cs^+^ more than twice than that of K^+^ suggests that the rate-determining step for ion permeation is in the pore.

The apparent saturation of the permeation of Cs^+^ through the pTB channel is characterized by a linear transformation of an Eadie-Hofstee plot ([Fig. 2D](#f2){ref-type="fig"}), in which the horizontal axis represents the single channel current (*i*)/*C* (concentration) and the vertical axis represents the *i*[@b23]. The data points were fitted with a linear function. The binding constants (*K~d~*) were 0.43 M, 0.85 M and 1.43 M for 200 mV, 300 mV and 400 mV, respectively. The linear fit suggests that, unlike the gA channel, the β-helical pore formed by the pTB molecule holds only one ion at a time (i.e. the one-ion pore[@b15]), even for the most permeable Cs^+^. For more persuasive experimental evidence, the mole-fraction experiment was then performed.

The mole-fraction behavior of the *V*~rev~ in the mixed solutions
-----------------------------------------------------------------

The mole-fraction experiment is the method of choice for elucidating whether the pore has the capacity to bear multiple ions of different species at the same time. Here the mole-fraction behavior of the *V*~rev~ using different ionic compositions was examined. In the event that the *V*~rev~ did not monotonically change, but rather exhibited a typical maximum value in the course of the progressive changes in the molar ratio, then we called this "anomalous mole-fraction behavior" i.e. the behavior originating from the interactions between the permeating ions within the pore (multi-ion pore[@b15][@b21][@b22]).

The experimental configuration is depicted in [Fig. 3A](#f3){ref-type="fig"}. The *trans* compartment was bathed with the 3 M CsCl solution throughout the experiment, while the *cis* compartment was varied in terms of the composition (i.e. the mole-fraction) of the permeating ions (Cs^+^ and K^+^), while maintaining the total concentration of these ion species at 3 M. The *V~rev~* shifted nearly linearly along with the decreases in the Cs^+^ mole-fraction in the *cis* compartment ([Fig. 3B](#f3){ref-type="fig"}, blue symbols). The value reached −14 mV in the bi-ionic condition (i.e. single ion species on either side of the membrane), a condition in which we previously determined the permeability ratio of the Cs^+^ against K^+^ (*P~Cs~*/*P~K~*) to be 1.7[@b1]. The permeability ratio is defined based on the *Goldman-Hodgkin-Katz* (*GHK*) equation, and here the shift of the *V*~rev~ in the mole fraction was fitted by the *GHK* equation. In accordance with the experimental data, the *GHK* function ([Fig. 3B](#f3){ref-type="fig"}, the dotted line) is curved slight. Thus, it can be inferred that the permeating ion species do not interact each other upon permeation[@b20][@b21].

Similar mole-fraction experiments were performed for the total concentration of 1.0 M, and the nearly linear relationship was obtained ([Supplement Fig. S1C](#s1){ref-type="supplementary-material"}).

Anomalous mole fraction behavior is most typically seen when two ion species show similar conductance. For the pTB cannel, the single-channel conductance of Cs^+^ and Rb^+^ is 18 pS and 12 pS, respectively at 3 M[@b1]. The mole fraction experiment for Cs^+^ and Rb^+^ revealed that the *V*~rev~ nearly linearly shifted as the mole fraction of Cs^+^ was changed ([Fig. 3B](#f3){ref-type="fig"}, green symbols).

These results strongly suggest that the pTB channel is one-ion channel.

The concentration dependency of the *V*~rev~ in the bi-ionic conditions
-----------------------------------------------------------------------

Constant *V*~rev~ values at a fixed ratio of two ion species but with different concentrations are another clue supporting the one-ion pore. The *V*~rev~ in the bi-ionic condition was measured at different concentrations of the pure Cs^+^ (*trans* compartment) and K^+^ (*cis* compartment) solutions. The *V*~rev~ did not change significantly from 0.1 M to 3 M ([Fig. 3C](#f3){ref-type="fig"}), further supporting the one-ion pore.

In the above analyses, the *GHK* equation has been used. However, the equation is formulated with an assumed independence of ions permeating through the membrane phase under a constant electric field across the membrane[@b22], and the detailed pore structure cannot be taken into consideration. To further interpret the mole-fraction data and the underlying process of permeation and selectivity through the pore, we performed model analysis.

An ion permeation model of the pTB channel in the case of the pure solutions
----------------------------------------------------------------------------

To characterize the permeation properties of the pTB channel, the permeation kinetics were expressed with a discrete-state Markov model (DSMM[@b24][@b25][@b26]), rather than a continuum model of the Poisson-Nernst-Planck theory[@b31][@b32][@b33][@b34][@b35]. This is because of the simplicity of the experimental data analysis[@b36]. Based on the structural similarity, the permeation model used for the gA channel was also employed for the pTB channel (i.e. the two-site three-barrier model: There are two binding sites at both ends of the channel; see [](#f4){ref-type="fig"}[](#f5){ref-type="fig"}[Fig. 6A](#f6){ref-type="fig"}). In contrast to the gA channel, which has the symmetric structure of a head-to-head dimer, the pTB channel is formed by a single molecule, and the weakly rectified *i-V* curves suggest that the potential profile is asymmetric.

For the purpose of model fitting, the double-occupancy state was initially excluded from the model because of saturation (i.e. the three-state \[3-state\] model; [Fig. 4A](#f4){ref-type="fig"}). The voltage-dependent rate constants (the five free parameters) in the 3-state model were optimized for the experimental data, including the voltage- and concentration-dependent single-channel current amplitudes. As shown in [Fig. 2](#f2){ref-type="fig"} (the broken lines), the data were well fit using the 3-state model (see the supplement for the rate constants).

For the sake of completeness, additional fitting was performed using the four-state model involving the double-occupancy state ([Fig. 6A](#f6){ref-type="fig"}). However, the goodness of the fit was not substantially improved by increasing the number of the free parameters from 5 for the 3-state model to 8 for the 4-state model. We also examined the simplest 2-state model, and it turned out to be inadequate for the voltage- and concentration-dependency data. Thus, we conclude that the 3-state model is adequate for accounting for the experimental data on Cs^+^ permeation.

A similar model analysis was performed in parallel, and the rate constants for the K^+^ permeation in the 3-state model were optimized using the data shown in the supplement ([Fig. S1](#s1){ref-type="supplementary-material"}). These results indicate that there are two ion binding sites along the pore, but ions of the same species never occupy these sites simultaneously.

Cs^+^ vs. K^+^ permeation
-------------------------

To compare the differences in the permeation of Cs^+^ and K^+^, the rate constants were expressed in a profile such that the height represents the logarithm of the rate constants, and the horizontal axis the voltage dependency index for each rate constant (or the electrical distance) ([Fig. 4B](#f4){ref-type="fig"}). The profile itself does not have actual physical significance, but the superimposed profiles provide a visualization of the contrast between the rate constants of the two ion species.

The profiles are slightly asymmetric for both Cs^+^ and K^+^ permeation. There are two troughs near both ends in terms of the electrical distance, originating from electrostatic factors[@b9][@b37], which is in accord with the findings for the gA channel. The permeating ions readily occupy either of these sites, and the binding to the extracellular (the right side) site is slightly more stable than the intracellular (the left side) site. The predominant barrier is against the transfer of an ion across the pore (the central barrier). The slight differences in the shape of the profiles for these ion species mostly reside in the depth of the two binding sites.

Ion permeation model for the pTB channel in the case of mixed solutions
-----------------------------------------------------------------------

The above model characterizes the permeation for the pure solutions, but we wanted to understand the underlying events of the non-anomalous behavior that determined whether two ion species might interact in the pore. From the previous model fitting results, the two sets of model parameters for the Cs^+^ and K^+^ permeation process allowed us to build a permeation model for the mixed ion solutions. Combining the two 3-state models for Cs^+^ and K^+^ generates a five-state model that shares the empty state for both Cs^+^ and K^+^ permeation processes ([Fig. 6C](#f6){ref-type="fig"}).

The rate constants for Cs^+^ and K^+^ permeation that were determined separately in the pure solutions reproduce the shift that occurred in the *V*~rev~ in the mixed solution qualitatively, but not quantitatively. Thus, the rate constants for K^+^ permeation were further optimized such that the shift in the *V~rev~* as well as the *i-V* and *i-C* curves was reproduced.

The solid line superimposed on [Fig. 5](#f5){ref-type="fig"} indicates the calculated values, and thus the mutual exclusion model without any double-occupancy states (5-state model) successfully accounts for all the experimental data. In the pTB channel, an ion cannot gain access to the pore once another ion of a different species has already occupied it.

Anomalous mole fraction data
----------------------------

In the mole-fraction relationship for the *V~rev~* shift, we found that the 5-state model gave slightly curved, rather than straight linear. This means that the apparent "anomalousness" must be related to the degree of the curvature. Here we include two additional states for the possible occurrence of two ion species simultaneously taking part in the permeation process (the 7-state model; [Fig. 6D](#f6){ref-type="fig"}), and the anomalousness and the degree of curvature can be related.

In the 7-state model, eight rate constants (six free parameters: *k~36~*, *k~64~*, *k~46~*, *k~57~*, *k~72~* and *k~27~*) for the transitions towards and away from the mixed ion-species occupied states (states 6 and 7 in model C shown in [Fig. 6](#f6){ref-type="fig"}) must be determined. One can postulate a permeation event involving double occupancy states such that an ion binds to the pore whether the other site is already occupied or not. In this double-occupancy model, the rate constants for the first and second binding events are identical (e.g., *k~12~* = *k~57~* etc.). The mole fraction behavior is shown as the highly curved red broken line in [Fig. 5](#f5){ref-type="fig"}.

On the 7-state model, the one-ion pore feature can be attained by setting the affinity for the second ion binding extremely low, being equivalent to the 5-state model. To set the model parameters for an intermediate situation, the second ion was assumed to bind with the hundred times less affinity than the first ion. The curve slightly deviated from the experimental data ([Fig. 5](#f5){ref-type="fig"}, blue broken line). Thus, the mole fraction data supports practically the one-ion pore.

Discussion
==========

In the present study we have examined the permeation features of the pTB channel by focusing on the one-ion characteristics of the channel by means of a step-by-step, more comprehensive approach. Starting from the simple saturation of the concentration dependent single-channel current, the *V*~rev~ was measured in both the mole fraction conditions and bi-ionic conditions at different concentrations, and then the model analyses were performed. To characterize the experimental results, we applied the discrete-state Markov model exclusively, although more elaborated modeling with the Poisson-Nernst-Planck equation has been applied recently for other channels[@b31][@b32][@b33][@b34][@b35].

All the processes used in the model fitting and model discrimination in the present study are summarized in [Fig. 6](#f6){ref-type="fig"}. In the case of the pure solution, the doubly-occupied states for the same ion species were not involved, and the 3-state model was thus deemed more appropriate. On the other hand, the two-state model was insufficient to reproduce the data. For the mixed solutions, the 3-state model was extended to the 5-state model, which reproduced all the experimental data.

From all the aspects examined, it is concluded that although there are two ion binding sites in the pTB channel, these sites are never occupied by two ions simultaneously, neither by the same ion species nor by the different ion species of Cs^+^ and K^+^.

Notwithstanding the fact that it possesses a similar β-helical structure, the pTB channel exhibited different permeation features than the gA channel with respect to the one-ion pore. Why is it that a pore as long as 45 Å cannot hold multiple ions? Given the two binding sites at both ends in both the pTB and gA channels, the one-ion permeation process requires a rational account for why the second ion is excluded. In case of the gA channel, Na^+^ is exceptional such that it permeates through the gA channel with one-ion characteristics[@b11], while the mechanism underlying the ion-ion pore still remains elusive[@b38]. A signal of some sort of ion binding at one end of the pore must be conveyed towards the opposite end to stop another ion from entering. If the binding sites are close to each other, the electrostatic repulsion between the ions displaces the second ion and thus does not allow simultaneous double occupancy. In this electrostatic context, the double Cs^+^ occupancy in the short gA channel and the single Cs^+^ occupancy in the long pTB channel are obviously paradoxical.

We propose here two competing hypotheses for the second ion exclusion. First, the hydrogen bond network in the peptide backbone may play a role. When a first ion enters into the pore after partial dehydration, it is coordinated by the backbone carbonyls. It has been shown that the carbonyls slightly change their orientation such that the carbonyl oxygen approaches the bare ion. This movement is called "carbonyl libration"[@b39][@b40]. To prevent the second ion from entering, the local backbone structure that is engaged in coordinating a bound ion propagates a structural change throughout the molecule such that the entrance barrier increases substantially. This cooperative structural change may occur in pTB, but it is questionable whether such a cooperative structural change would be fast enough to exclude rapidly accessing second ion.

Alternatively, a contribution by the water molecules in the pore may occur. The water molecules in the pore are aligned along the pore for solvating the occupying ion such that the oxygen is pointing towards the bound ion (i.e. the single-file water molecule column). They form hydrogen bonds with each other and with the backbone amides and carbonyls[@b41][@b42][@b43] ([Fig. 7](#f7){ref-type="fig"}). In the gA channel, the molecular dynamics simulation revealed that the water molecules in the pore are strongly attracted toward the singly occupying ion due to the long range electrostatic interactions which take place with the single-file becoming slightly compressed[@b38][@b42], although the dimer junction at the center may disturb the continuity. The relaxation time for generating this columnar configuration was rapid. If this configuration of water molecules with long-range coupling of the water column is more stable in the pTB channel than in the gA channel, then the water molecule at the opposite end would generate an unfavorable entrance barrier for an incoming ion before it had time to gain access. The single file configuration of the water molecules imposed by the long, narrow pore of the pTB channel may lead to a closer contact with the nearest water molecule, and this unusual allocation of pore space is in its own right an intriguing issue for further studies in the context of the one-ion pore hypothesis.

The molecular features of the pTB channel compared with the gA channel are summarized in [Table 1](#t1){ref-type="table"}. Their contrasting features are expected to be related to the different cytotoxic activity of the two peptides. Further characterization of the pTB channel is currently underway in our laboratory.

Methods
=======

Single-channel current recordings
---------------------------------

Single-channel currents were measured using the planar lipid bilayer method at room temperature[@b1]. A Teflon sheet of 0.5 mm thickness was used as a partition dividing two compartments, on which a hole (\< 100 μm diameter) was made. The membrane was formed from diphytanoylphosphatidylcholine (Avanti Polar Lipids, Alabaster, AL, USA) dissolved in *n*-decane (Nacalai, Kyoto, Japan) at a concentration of 20 mg/ml. The *cis* and *trans* compartments were filled with ionic solution containing CsCl or KCl (Nacalai, Kyoto, Japan). The reference electrode was placed in the *cis* compartment, to which polythoenamide B (pTB) was added at a final concentration of 100 fM. The membrane potential was defined as the *trans* side relative to the *cis* side, and the current flowing from the *trans* side to the *cis* side as outward, indicated by a "+" sign, mimicking a target cell membrane accessed by pTB from the *cis* (extracellular) side ([Fig. 3A](#f3){ref-type="fig"}). The current data were recorded and stored on a PC using pCLAMP software (Molecular Devices, Sunnyvale, CA, USA) through an Axopatch 200B amplifier and Digidata 1322A digitizer (Molecular Devices, Sunnyvale, CA, USA). The low pass filter was set at 2 kHz for the cut-off frequency, and the data were sampled at 10 kHz.

Analysis of the mole-fraction behavior
--------------------------------------

The mole-fraction behavior of the bi-ionic potential was evaluated as follows. The *trans* compartment was filled with 3 M CsCl and kept constant throughout the experiment. The mole fraction of CsCl and KCl in the *cis* compartment was changed, while the sum of the concentrations was fixed at 3 M ([Fig. 3B](#f3){ref-type="fig"}). pTB was added to the *cis* compartment at a final concentration of 1 nM. The *V*~rev~ of the macroscopic current of pTB was obtained by applying the voltage-ramp command to the membrane (x mV/s). *V~rev~* was plotted against the mole fraction of Cs^+^ in the *cis* compartment. Similar experiments were performed for the Cs^+^ and Rb^+^ at 3 M ([Fig. 3B](#f3){ref-type="fig"}), and Cs^+^ and K^+^ at 1 M ([Supplement Fig. S1C](#s1){ref-type="supplementary-material"}).

The mole fraction data were fitted with the *Goldman-Hodgikin-Katz* (*GHK*) equation, where *R* is the gas constant; *T*, the absolute temperature; *F*, *Faraday*\'s constant; *P~X~*, the permeability of *X*; \[*X*\]*~cis~*, the concentration of *X* in the *cis* compartment.

Permeation model
----------------

The single-channel current data were used to construct the permeation model. The ion permeation process has already been established for the gA channel, in which a two binding sites-three barrier (4-state) model characterizes the various aspects of the permeation properties[@b24]. From the analogous pore structure of the pTB channel, the 4-state model was employed as the initial model. In contrast to the gA channel formed by the head-to-head dimer, the pTB channel is formed by monomer, and the potential profile for the permeation of the pTB channel is asymmetric in shape. Accordingly, additional parameters are necessary for characterizing the pTB channel compared to the gA channel. For instance, the rate constants, such as those for an ion gaining access to the pore from the *cis* side or *trans* side, were set differently. The voltage-dependent rate constant for the transition from the *i* to *j* state (the first-order rate constant) is defined such that where *k~ij~*° is the rate constant at 0 mV, d the electrical distance, e the elementary charge, *k* the Boltzman constant and *T* the absolute temperature. Similarly, the concentration-dependent (the second-order) rate constants are defined as, where *c* represents the concentration in M. The net flux was calculated from the steady-state probability of the states and the rate constants.

Mixed solution model
--------------------

To characterize the bi-ionic potential and the shift of the *V*~rev~ in the mole fraction experiment, we extended the model to two ion species in mixed solution. Including the possible contribution of the doubly-occupied states of two different ion species, the model is described with seven states (see [Fig. 6D](#f6){ref-type="fig"}). The net flux was calculated from the conventional matrix method[@b26].

The rate constant matrix is shown in the supplement.

Rate-constant optimization
--------------------------

The sum of the χ square values between the data values and the calculated values were optimized.

All of the model calculations were performed using Mathematica (Wolfram Research, Inc. Champaign, IL, USA).
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![A schematic representation of the pTB channel embedded in the membrane.\
The amino acid sequence of pTB is: Gly-L-Mil-Gly-L-Tle-D-Tle-L-Tle-D-Ala-L-Tle-D-Tle-L-Ala-Gly-L-Ala-D-Tle-L-Ala-D-Asm-L-Hva-Gly-L-Ala-Gly-L-Tle-D-Asm-L-Mgn-D-Hva-L-Ala-Gly-Gly-D-Asm-L-Ile-D-Ham-L-Tle-D-Hva-Gly-D-Asm-L-Ile-D-Asm-L-Val-D-Ham-L-Ala-D-Asm-L-Val-D-Ser-L-Val-D-Asn-L-Mme-D-Asn-L-Gln-D-aTh-L-Thr (Mil: β-methylisoleucine, Tle: *tert*-leucine, Asm: γ-N-methylasparagine, Hva: β-hydroxyvaline, Mgn: β-methylglutamine, Ham: γ-N-methyl-*threo*-β-hydroxyasparagine, Mme: β,β-dimethylmethionine sulfoxide, aTh: *allo*-threonine). pTB forms a β-helix with 6.3 residues per turn (β^6.3^-helix), in which an open pore is generated with a uniform inner diameter of 4 Å. The inner surface of the pore is lined with the peptide backbone and allows monovalent cation permeation. The outer surface is covered with hydrophobic residues, and some of them form hydrogen-bonded chains along the longitudinal axis (the long and short strands) and reinforce the helix structure. The 45 Å long channel is inserted into the membrane lead by the N-terminal end and readily spans the membrane.](srep03636-f1){#f1}

![Properties of single-channel current of the pTB channel for Cs^+^ permeation.\
(A). The single-channel current of the pTB channel in the symmetric Cs^+^ solution. The Cs^+^ concentration was 3 M. The membrane potential is defined as the *trans* compartment relative to the *cis* compartment, to which pTB was added. The upward deflection represents the outward current flowing from the *trans* to *cis* side. (B). The single-channel current-voltage relationship in the various Cs^+^ concentrations. (C). The Cs^+^-concentration dependency of the single-channel current amplitude at different membrane potentials. (D). The Eadie-Hofstee plot. The concentration dependent unitary currents were plotted as a function of the single channel current. From the fitted lines, the dissociation constants are obtained: 0.43 M, 0.85 M and 1.43 M at +200 mV, at +300 mV and at +400 mV, respectively.](srep03636-f2){#f2}

![The mole-fraction behavior of the *V*~rev~ of the pTB channel.\
(A). The experimental configuration of the ionic solutions in the two compartments of the chamber. pTB was added to the *cis* compartment. The *trans* compartment was kept constant at 3 M Cs^+^. The mole fraction of the Cs^+^ and X^+^ concentrations was changed in the *cis* compartment, while the sum of the concentrations were fixed so as to be constant at 3 M. (B). The mole-fraction behavior of the *V*~rev~ in Cs^+^ vs. K^+^ and Cs^+^ vs. Rb^+^ solutions. The shift of the *V*~rev~ was plotted for the mole fraction of Cs^+^ in the *cis* compartment. The dotted lines are the curve deduced from the *Goldman-Hodgkin-Katz* (*GHK*) equation. (C). The *V*~rev~ in the bi-ionic condition in pure Cs^+^ (*trans*) and pure K^+^ (*cis*) solutions under different concentrations.](srep03636-f3){#f3}

![The permeation model of the pTB channel.\
(A). The three-state model. The permeation proceeds by the following steps. An ion approaches the empty pore and binds inside the pore near the entrance. In the pore, the ion moves from one site to another, and then exits. These permeation processes are expressed with three discrete states and the transitions between them. Among the rate constants, there are included the second-order rate constants (k12 and k13) in the process of ion association from the bulk solution. For instance, k12 is the rate constant representing the ion binding from the left-side (the intracellular side). (B). A profile deduced from the rate constants for the Cs^+^ and K^+^ permeation at 1 M. The set of rate constants was converted to a profile in which the vertical axis represents the logarithm of the rate constants and the horizontal axis indicates the electrical distance.](srep03636-f4){#f4}

![Simulated mole fraction behavior for the different binding modes in the channel permeation model.\
The solid line indicates the mole fraction behavior for the 5-state model and the curved, broken line indicates the 7-state model for the independent binding of the two ion species at both ends (red) and the hundred times less affinity to the second ion binding (blue).](srep03636-f5){#f5}

![The optimal model for permeation through the pTB channel in the pure and mixed solutions.\
Starting from the four-state model analogous to that used for the gA channel (A), the models accounting for the experimental data were selected. In model (A), the double-occupancy state was eliminated based on the saturation behavior of the ion conduction, and model (B) is adequate for the pure solutions of Cs^+^ and K^+^. In the mixed solution, two three-state models were integrated into a five-state model (C). For completeness of the analysis, two double-occupancy states were included for possible interaction between the two ion species in the pore, leading to the seven-state model (D). The nearly linear mole fraction data indicated that model (C) is well matched to the mixed solution of Cs^+^, K^+^ and Rb^+^.](srep03636-f6){#f6}

![A hypothetical model of the one-ion pore.\
In the narrow pore, ions and water are aligned in a single-file column (The number of water molecules in the pTB channel is not known, and the figure shows an arbitrary number.). In the event that an ion locates at the end of the pore, the water molecules in the pore are likely to be oriented with their dipolar vectors pointing away from the ion, forming hydrogen bonds both with each other and with the backbone. The realignment of the water molecules towards the bound ion in the pore should be rapid enough that it is completed before the second ion approaches the pore from the opposite end. When a second ion approaches the opposite binding site from the bulk solution, the water molecule at the end must be turned for the purpose of solvating the incoming ion, or the end water molecule would escape from the pore by an exchange of the ion. Here we hypothesize that the water molecule at the end of the pore is tightly oriented (magenta circle), and thus the incoming ion cannot replace the water already at the site.](srep03636-f7){#f7}

###### Molecular properties of polytheonamide B and gramicidin A

                                                                       Polytheonamide B                         Gramicidin A
  ------------------------------------------------------ -------------------------------------------- --------------------------------
  Origin                                                              Symbiotic bacteria                 Bacteria *Bacilus brevis*
  Chemical features                                                                                                   
  Number of amino acid residues                                               48                                     15
  Molecular weight (Da)                                                      5032                                  1882.3
  Amino acid chiral                                                       L- and D-                                  ←
  Unusual amino acid side chain                                        Many (Msn, ...)                              none
  Structure of ion channel                                               β^6.3^-helix                                ←
  PDB code                                                                   2RQO                                   1TKQ
  Inner pore diameter                                                        4 Å                                     ←
  Helix length                                                   45 Å in the organic solvent                26 Å in the membrane
  Side-chain hydrogen bonds                                                   \+                                     \-
  Stoichiometry of channel formation                                       monomer                           head-to-head dimer
  Conductance (at 300 mV in 2 M CsCl)                                       20 pS                                  56 pS
  Ion selectivity                                                     Monovalent cations                             ←
  Selectivity sequence[c](#t1-fn3){ref-type="fn"}         H^+^ \> Cs^+^ \> Rb^+^, K^+^, Na^+^, Li^+^                 ←
  Gating                                                            Conformational change?              Spontaneous dimer formation
  Efficient membrane insertion                                        Added in one side                     Added in both sides
  Maximum number of ions in the channel                                       1                                      2
  Cytotoxicity: IC~50~ (nM)[a](#t1-fn1){ref-type="fn"}                      \< 0.2                     4.3[b](#t1-fn2){ref-type="fn"}

^a^Values determined against P388 mouse leukemia cells.

^b^Cytotoxicity of gramicidin D (mixture of gramicidin A, B and C with a ratio of 1:0.075:0.175).

^c^Both the permeability ratio and the single channel conductance give the same sequence.
